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CHAPTER 1. INTRODUCTION 
The purpose of this study 
The purpose of this study is to apply synchrotron radiation photoemission spectroscopy 
and low energy electron diffraction (LEED) to explore several novel materials: (a) Ce epitaxial 
growth on W (110) surfaces, (b) Eu epitaxial growth on Ta (110) surfaces, (c) Sm epitaxial 
growth on Ta (110) surfaces, (d) quasicrystalline AlPdMn (e) superconducting Bai-xKxBiGs. 
In the case of rare earth overlayers on transition metal surfaces, resonance photoemission 
spectroscopy is used to enhance the 4f feature. The metal surface phase transition is 
investigated on an atomic-scale. In the case of quasicrystal AlPdMn and superconducting Bai-
xKxBi03 the electronic structures are investigated by angle-resolved photoemission. 
The rare earth metals are members of the Group III-A elements. Specifically, they are 
the elements whose atomic numbers are 57 through 71. The series of elements is characterized 
by a gradual filling of the 4f shell. The typical rare earth atomic configuration is [Xe]4f"5d(l 
or 0)6s2. In most of the elements the 4f shell is deeply buried within the atom and the 
magnetic moment which is associated with it is highly localized. The filling of the 4f level 
requires fourteen electrons, and we therefore have fifteen elements (including lanthanum, 
which has no 4f electrons), each of which has essentially the same valence shell configuration. 
It is this fact which explains the similarity of the physical properties of these rare earth 
elements, and any differences must be due, in general, to the number of 4f electrons. 
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Superconductivity is a phenomenon in which the resistivity disappears to zero and the 
susceptibility shows perfect diamagnetism below a critical temperature, Tc. Superconductivity 
was first discovered in Hg with Tc = 4 K by H.Kamerlingh Onnes in 1911. Before 1986 tiie 
highest Tc ever achieved was only 23 K in the A-15 compound NbsGe. The discovery of 
high-temperature superconductivity of Tc = 30 K in the La-Ba-Cu-0 system by Bednorz and 
Miiller has stimulated an intensive search for new superconducting cuprate compounds with 
even higher Tc's [Bednorz 1986], Many layered structures based on Cu02 sheets have been 
discovered with higher Tc's. Some examples are RBa2Cu307 with Tc ~ 90 K [Wu 1987], 
where R = rare earth; Hg-Ba-Ca-Cu-0 with Tc = 133 K [Schilling 1993]; Bi-Sr-Ca-Cu-0 with 
Tc ~110 K [Maeda 1988]; Ti-Ba-Ca-Cu-0 with Tc = 125 K [Sheng 1988]. There has been 
apparentiy less effort and certainly less success in the identification of new noncuprate high Tc 
superconductors. Ba-K-Bi-0 with Tc ~30 K [Cava 1988] was identifed as a new noncuprate 
high-Tc material. The discovery of this new noncuprate high-Tc material should help elucidate 
the mechanisms for the high superconducting transition temperatures. 
Quasicrystals ( QCs) are a new form of matter which has long-range quasiperiodic 
order and long-range orientational order with crystallographically forbidden (five-fold, eight­
fold, ten-fold, and 12-fold) symmetries.[DiVincenzo 1991, Fujiwara 1990]. The structure of a 
quasicrystal is different from those of crystals and disordered solids in a unique way. It is non-
periodic but not disordered. Specifically, its key character is the self-similarity of the strucmre. 
Rare earths on transition metal surface 
It is most difficult to prepare well-characterized and clean surfaces of lanUianide metals 
starting from bulk single crystals. An alternative method to produce such sii^faces is to grow 
single-crystal samples epitaxially on well-defined substrates. This requires detailed 
knowledge about the growth modes of the particular systenx The epitaxy must be established 
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and the growth must be of a layer-by-layer type to ensure that the properties are those of a true 
single-crystal surface. In the production of epitaxial films, substrates with very low tendency 
to form intermetallic compounds with lanthanide have to be chosen. Such substrates are, e. g., 
W, Mo, or Ta. 
The Y-a phase transition 
Ce is the first element in the rare earth series. In the bulk Ce has a unique feature 
[Koskenmaki 1978]. There is a y-ct phase transition. This is an isostructural phase transition. 
Both Y and a phases have fee structures, but the a phase is 17% smaller in volume than the y 
phase at atmospheric pressure. Figure 1.1 shows the pseudo-equilibrium phase diagram of Ce 
in the low temperature, low pressure region. At one atmosphere one can not get the a phase 
directly from the y phase by cooling down the sample, because there is a hexagonal (3 phase 
between the y and a phases. One can go continuously from the normal y phase to the a phase 
by applying high pressure, i.e., there is a critical point (C. P. in the phase diagram). 
The y-a transition has been studied by photoemission on thick films of Ce [Wieliczka 
1982] and on bulk Ceo.9Tho,l (which does not have a P phase) [MSrtensson 1982]. The 
photoelectron energy distribution curves (EDCs) of both phases exhibit a pair of peaks which 
originate from states with 4f character, even though there is only about one 4f electron per 
atom. Following the Gunnarsson-Schonhammer (GS) model [Gunnarsson 1983a, 1983b], the 
peak near the Fermi level is from the "well-screened" final state, with the 4f hole "filled" by a 
valence electron, and the other is from the "poorly screened" final state, with valence electrons 
(5d) partially screening the hole. 
Ce can be epitaxially grown on bcc (110) substrates [Homma 1987]. For many years it 
was observed that in non-lattice-matched fcc-bcc systems there are only two orientation 
relationships available[Wassermann 1933, Nishiyama 1934, Kurdjumov and Sachs 1930]. 
4 
650 
C.P. . 600 
550 
500 
450 
it; 
g 400 
3 
!< 350 
cr 
UJ 
^ 300 
m 
H 250 
200 
150 
100 
PRESSURE, GPa (10 kb) 
Figure 1.1 Pseudo-equilibrium phase diagram of cerium in the low pressure-low 
temperature region (after [Koskenmaki 1978]). 
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One is the so called the Nishiyama-Wassermann (NW) orientation, in which the fee [110] 
direction is aligned with the bcc [001]. The other is the so-called Kurdjumov-Sachs (KS) 
orientation, in which the fee [110] direction is aligned with the bcc [111] or [110]. The KS 
has two equivalent alignments due to symmetry considerations. Figure 1.2 (a) and (b) show 
the possible real-space arrangement for these two orientational relationships. These two 
orientations differ by only 5.3°. Previous work on such systems was summarized by Bauer et 
al. [Bauer 1986]. In 1987 Homma et al. observed a new fcc-bcc epitaxial relationship in Ce 
on a V(llO) surface (Homma-Yang-Schuller (HYS) orientation ) [Homma 1987]. It was 
found that Ce [Oil] is aligned with V [ilO]( Figure 1.2 (c)). It is also reported that a new 
Ce* phase is formed by epitaxial growth of 50-A-thick films of "(11 l)Ce" on V(110), with an 
in-plane lattice parameter contraction of 8% and out-of-plane expansion of 2% with respect to 
bulk y-Ce. Thus tiie crystal structure was trigonal, not cubic. The density was about that of 
a-Ce. This new orientation has been predicted by recent calculation[Paik 1990]. Recentiy 
Kierren et al also reported epitaxy of Ce on V (110) surfaces [Kierren 1994]. However, both 
their reflection high-energy electron-diffraction (RHEED) and photoemission results showed 
tiiat tiie epitaxial Ce phase they obtained was not Ce*, but the "natural" Ce- y phase, and the 
orientation is that of the N-W tjT)e. 
The fcc-bcc phase transition 
Eu is one of the "anomalous" rare earths. The metal is divalent, rather than trivalent, 
because of the high stability of the half-filled 4f shell, i.e., it is 4f7 instead of the 4f^ expected 
from its position in the periodic chart. At room temperature Eu is the only bcc structure among 
all the rare earth elements; the others have close-packed structures. In high pressure 
measurements, Eu is found to transform from the bcc to the hep phase [Holzaphel 1979]. The 
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Figure 1.2 Epitaxial orientations of Ce (111) on W (110) surface, (a) Kurdjumov-
Sachs orientation [OllJCe " [UllW. (b) Nishiyama-Wassermann orientation [lOlJCe " 
[OOlJw. and (c) Homma-Yang-Schuller orientation [OllJCe H [110]w-
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metallic radius of the Eu is extraordinary large compare with the neighboring elements which 
fall on the well-know lanthanide contraction curve[Taylor 1972]. 
Generally two types of structural distortions have been found on the metal surfaces: 
lateral reconstruction which alters the two-dimensional periodicity of the surface and interplanar 
relaxation normal to the surface. It is long been suspected that bcc(l 10) metal surfaces might 
be reconstructed into fee (11 l)-like surface layers [Clarke 1985]. The bcc (110) surface is the 
most densely packed surface in bcc metals, as shown in figure 1.3 (a). The density is 
0.707/a2, and the interplanar spacing is 0.707a ( a is the lattice constant of unit cell). It is 
consequendy a very stable face. When compared with the bulk crystal, any surface atom has 
lost two nearest-neighbor atoms and two next nearest neighbors. Looking at the surface from 
above, it can be seen that the surface atoms sit in twofold coordinated sites above their two 
nearest neighbors in figwe 1.3 (b). If the surface layer were to shift laterally (or undergo a 
registry shift), the constituent atoms would increase their number of nearest neighbors to three, 
and it might be expected that this would be a more stable situation (see Figure 1.3 (c)). The 
spatial appearance of the two-dimensional diffraction pattern would not be affected by such a 
shift, but the individual beam intensities would be different in each case, and it is necessary to 
use LEED (low-energy electron diffraction) intensity analysis to resolve this ambiguity. If 
the shifted top layer were to relax to form a hexagonal close-packed plane, then the two 
dimensional diffraction pattern would be affected, and a hexagonal superstructure would be 
observed. 
Because an fcc(l 1 l)-like surface termination has a higher number of nearest neighbors 
than that of bcc(l 10), it might be energetically more favorable. But this kind of reconstruction 
is not observed on many bcc(l 10) metal surfaces, including W, Mo, Fe, Na [Van Hove 1976, 
Morales de la Garza 1981, Shih 1980,Anderson 1977, Gafner 1976, Shih 1977, Lee 1977]]. 
However a shear displacement of tiie K(110) surface is observed by LEED I-V analysis of the 
clean K(110) surface at 25 K [Itchkawitz 1992]. This shear displacement moves the top 
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(b) 
(c) 
Figure 1.3 (a) The (110) face of a bcc crystal; (b) the surface, if the surface atom layer 
remains in the positions corresponding to a perfectly truncated bulk; (c) a possible lateral shift 
of the surface layer towards the threefold symmetric sites offered by the second-from -top layer 
(after [Clarke 1985]). 
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surface atoms from the twofold bridge sites of the underlying layer toward the quasi-threefold 
hollow sites. Hydrogen adsorption also induced a similar shear displacement of W(llO) 
surface top layer [Chung 1986]. 
Valence induced phase transition 
Sm has a complex bulk crystal structure which is unique to this element. It is a 
rhombohedral structure (space group R3m). Usually this structure is described in terms of a 
non-primitive hexagonal unit cell whose c-axis is four and a half times that of the hep structure, 
and with a stacking sequence ABABCBCAC...(Figure 1.4). 
Sm is a rare earth metal with special surface properties. The Sm free atom is divalent 
with a 4f^(5d6s)2 configuration. When it is condensed into a metal one of the localized 4f 
electron is promoted into the conduction band so that in the metallic state Sm becomes trivalent 
with a 4f5(5d6s)3 configuration. However, the divalent and the trivalent configurations have 
very similar energies in the metal. Photoemission experiments have shown that the surface 
atoms might have a different 4f configuration than the bulk atoms [Allen 1980, Wertheim 
1978, Lang 1979]. Figure 1.5 [Gerken 1985] shows the Sm valence spectrum obtained at 
three different photon energies. Multiple peaks observed in the spectrum can be grouped into 
two subsets, one from the bulk emission (4f5 to 4f4), and the other from the surface emission 
(4f6 to 4f5). Lang and Baer concluded from combined photoemission and inverse 
photoemission measurements that the valence change was driven by a downward surface shift 
of the unoccupied 4f^ multiplet to a position below Ef [Lang 1979]. Stenborg et al. reported a 
surface 5x5 reconstruction of Sm (0001) surface at low temperature [Stenborg 1989]. But at 
room temperature the 5x5 LEED pattern can no longer be seen. 
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Figure 1.4 The close-packed structure for Sm (space group R3m) (after [Taylor 1972]). 
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Figxire 1.5 Comparison between an XPS-spectrum and two spectra recorded at 35 eV and 100 
eV photon energy of the 4f emission region of Sm. Also shown are the multiplet intensities for 
the bulk emission (4f5 to 4f^), the surface emission (4f^ to 4f5) and the buUc BIS transition 
(4f5 to 4f6) (after [Gerken 1985]). 
Quasicrystal in AlPdMn alloy 
Since the discovery of quasicrystals [Shechtman 1984], investigations have been 
focused mainly on their structural properties. Recently, the electronic properties have received 
much attention. The electronic structure of quasicrystals plays an important role in 
understanding why nature should prefer quasiperiodic to periodic long-range order. One of 
the important features of quasicrystals is the absence of periodic translational invariance, which 
leads to the inapplicability of the Bloch theorem to quasicrystals and the non-existence of 
Brillouin-zones in the common sense, but yet long range order with structural self-similarity 
exists. The concept of 'quasi-Brillouin zone' is introduced in many theoretical models dealing 
with the electronic structure of quasicrystals [Poon 1992, Carlsson]. Energy bands have been 
used to describe many basic electronic properties of quasicrystals such as electrical 
conductivity, optical properties, magnetism, and many others. Nevertheless, there has been no 
direct evidence for the existence of energy bands, especially for the energy vs momentum band 
dispersions in the quasicrystal case. Another interesting feature of quasicrystals is their 
extremely low electrical conductivity. Composed of good metals, quasicrystals exhibit a 
conductivity thousands of times smaller than those of their constituents [Poon 1992]. The 
proposed qualitative explanations can be divided into two major categories: i) electron wave-
function localization or criticality, and ii) band structure effects in favor of the Hume-Rothery 
rule. Pseudogap and aperiodic dispersion relation was predicted in some theoretical models in 
favor of a Hume-Rothery explanation [Hafner 1992, Fujiwara 1991, Smith 1987, Carlsson 
1993]. Angle-integrated photoemission measurements on an AL-Cu-Fe icosahdral quasicrystal 
reveal a dip at Fermi level[Mori 1991]. A strong decrease of the DOS towards Fermi level is 
also reported on Al65Cu20Fei5 and Al70Pd20Mni0 quasicrystals[Stadnik 1993, Zhang 
1994]. Inverse photoemission measurement on AlLiCu has shown a gaplike feature of the 
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DOS just above the Fermi level [Matsubara 1991]. To the best of our knowledge no angle 
resolved photoemission measurement have ever been reported on quasicrystal samples. 
Superconductivity in Bai.xKxBi03 
In 1988 Mattheiss et al observed superconductivity in potassium-doped BaBi03 and 
later Cava et al determined the structure of the superconducting phase [Mattheiss 1988, Cava 
1988]. The most striking feature of this compound is the absence of two-dimensional metal-
oxygen planes, which are widely believed to be a key factor in the high Tc of the copper-oxide 
systems. The structure of the superconducting phase is a simple perovskite structure with 
potassium substituted on the barium site as shown in Fig. 1.6. The highest superconducting 
transition temperature Tc =30 K is observed for x=0.4 [Pei 1990]. Figure 1.7 show the 
superconducting transition temperatures Tc as a function of doping level. Sharp resistive 
transitions were observed for 0.35<x<0.45. For 0.3<x<0.35, resistive onsets were observed 
but zero resistance was not achieved at any temperature above 10 K. Samples with x<0.3 
were semiconducting. After consideration of the diamagnetic shielding measurements, it was 
concluded that bulk superconductivity occurs only for x>0.37 and that Tc decreases with 
increasing x as shown in Fig. 1.7. With temperature- and magnetic-field-dependent infrared 
reflectivity measurements, Schlesinger et al [Schlesinger 1989] obtained a reduced energy gap 
of 2A/kTc~3.5±0.5 for K-doped BaBi03, consistent with a BCS (Bardeen-Cooper-
Schrieffer)[Bardeen 1957] type mechanism with moderate or weak coupling. For a monatomic 
BCS superconductor Tc~M"®' where the isotope effect coefficient,a, would be 0.5 with no 
Coulomb effects. For a multicomponent material, the sum over the individual ai's would 
equal 0.5, with each ai dependent on the individual ion mass contribution to the important 
phonon modes. The experimentally determined isotope effect coefficient a varied from 
0.41±0.03 to 0.23±0.03 [Batiogg 1988, Hinks 1988, Kondoh 1989]. Although there is some 
14 
Figure 1.6 Structure of the cubic superconducting phase of Bai-x^xBiOS-
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Figure 1.7 Superconducting transition temperatures Tc vs x for Bai-xKxBiOs. Circles mark 
the resistive onset temperatures and squares mark the zero-resistance temperatures. Where no 
square symbols are shown, zero resistance was not reached at any temperature above 10 K 
(after [Pei 1990]). 
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discrepancy over the measured magnitude of the oxygen isotope effect in this material, all the 
data show significant values, indicating that phonons cannot be ignored in the superconducting 
state of this system. Static magnetic order does not exist for this material and it is diamagnetic 
[Kondoh 1989, Uemura 1988]. A CDW (Charge-Density-Wave) induced distortion is 
observed for the parent semiconductor, BaBiOs [Cox 1976,1979], The K doping induces a 
insulator-metal phase transition. 
Band structure information can be used to evaluate the electron-phonon coupling and 
the superconducting transition temperature in the cubic perovskite BaKBiOs 
[Papaconstantopoulos and Drew 1989]. There are several theoretical calculations available 
[Mattheiss and Hamann 1988, Hamada 1989, Papaconstantopoulos and Pasturel 1989]. The 
basic features are the same for these calculations. Figure 1.8 shows the electronic band 
structure of BaBiOs along the main symmetry lines of the Brillouin zone. From -7 to -13 eV 
below the Fermi energy, there is the bonding counterpart of Bi 6s and O 2p states. The non-
bonding or weakly bonding O 2p states give flat bands around -2.5 eV. The bandwidth of 
these O 2p states is small (~2 eV) compared with the case of cuprate high-Tc materials in which 
the weakly bonded O 2p bandwidth is as large as 6 eV. A very flat band at -7 eV binding 
energy is observable along the F-X-M F line, which is due to the pp o bonding combinations 
of the Bi 6p and O 2p orbitals. This band rises in energy along the F-R direction as the 
bonding contribution of the Bi 6p state disappears at the R point by symmetry. The states at 
-12 eV are due to the Ba 5p electrons. There is just one antibonding band crossing the Fermi 
energy (Ep). This band has a wide dispersion due to the strong hybridization between the Bi 
6s and O 2p states. Mattheiss and Hamann have reported linear augmented plane-wave 
(LAPW) calculations for Ko.sBao.sBiOs [Mattheiss and Hamann 1988]. The muffin-tin-
projected densities of states (DOS) (Fig 1.9) show that the valence band is dominated by the O 
2p-derived states. States from K, Ba, and Bi also contribute to the valence bands but the 
maximum contribution to the DOS is only 3-5 % that of oxygen. The O 2p density of state 
17 
Figure 1.8 Electronic band structure of BaBiOs along the main symmetry lines of the 
Brillouin zone and corresponding to the lattice constant of a = 4.2932 A. The symmetry labels 
correspond to choosing the origin at the Ba site (after [Hamada 1989]). 
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Figure 1.9 Total and muffin-tin-projected density-of-states results for (a) cubic 
BaBiOs, and (b) the tetragonal ordered BaKBi206 alloy with alternating K and Ba planes 
along c. The energy zero in (a) corresponds to the band filling in (b). The units in each 
subpanel are scaled to facilitate direct comparison of the results (after [Mattheiss and Hamann 
1988]). 
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near Ep is small and most of the O 2p states is located in a band from 0.7 to 4 eV with a 
maximum near 2 eV. The overall O 2p states extend from 3 eV above Ep to 6 eV below Ep 
with a weaker contribution from 8 to 12 eV below Ep. 
To the best of our knowledge, no angle-resolved photoemission measurements on 
BaxKi-xBiOs has been reported. Only angle-integrated photoemission studies have been 
reported [Ruckman 1989, Wagener 1989, Nagoshi 1992, Hegde 1989, Jeon 1990]. Flavell et 
al\. reported an angle-resolved photoemission study on a closely associated material, 
BaPbo.8lBiO.i9O3 [Flavell 1993]. A downward dispersion of the valence band maximum on 
moving away from T is observed. Enhancements in the DOS at Ep at points close to L is also 
reported. 
20 
CHAPTER 2. PHOTOEMISSION 
Three step model 
The photoelectric effect (photoemission) was first observed by Hertz in 1887. In order 
to explain this phenomenon, Einstein postulated the famous quantum hypothesis for light by 
the fundamental equation 
Here Ekin(niax) is the maximum kinetic energy of photoemitted electrons, hi) is the 
energy of photon, and e(p accounts for the potential barrier at the surface. This equation does 
not imply a spectroscopic application but gives the threshold for photoemission. 
Photoemission spectra are interpreted, for most practical purposes, within the single-particle 
approximation. This is an extension of Einstein's equation (2.1) to include not only the highest 
energy electrons, but all of them. 
so the total energy of a photon absorbed is transferred to a single electron of energy Ei. This 
model allows interpretation of the measured spectra in terms of the unperturbed electronic 
properties of the solid, as illustrated schematically in Fig. 2.1. 
Efo„(max) = /iv-e(p . (2.1) 
E H n = h v - e ( p - E ,  , (2.2) 
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Figure 2.1 Illustrating the fact that the density of electronic states distribution of the 
solid, part (a), is reflected in the photoemission spectral fine structure, part (b). 
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Photoemission is often described by a three-step model[Berglund 1964]. In this model 
the photoemission process is conceptually split into three steps; 
(1) the excitation of the electron by an incident photon 
(2) the transport of the excited electron through the medium to the surface 
(3) escape of the electron through the surface into the vacuum. 
According to this model, the energy distribution curve (EDC), the kinetic energy 
spectrum of photoelectrons emitted with photons of energy hv, can be written as: 
where P(E,h'o) is the excitation probability, T(E) is a transport function, and D(E) is an escape 
function. In the first step, the photoexcitation results from the interaction of electrons with the 
photon. The solid in its ground state may be described by a Hamiltonian Ho\ the incident 
photon beam will introduce a small perturbation 
with P the momentum operator, and A the vector potential of the incident light The transition 
probability is then given by Fermi's golden rule 
l { E , h v )  = P(E,ftV) • T(E) • D(E), (2.3) 
H' =—(A*P + P*A), 
I m c  
(2.4) 
P(E, k) ~l< /I A • PI i  >P S i E f  (k) - E,. (k) - h  v ) S i E  -  E ,  (k)), (2.5) 
where li> and lf> are the initial and final state wavefunctions, respectively. The first delta 
function assures conservation of energy and the second selects the emitted electrons whose 
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energy is selected by the electron analyzer. Equation (2.5) implies conservation of both 
energy and momentum: 
E^(k^) -E i(k..) = /iv (2.6) 
and 
=kp^ .  (2.7) 
The photon momentum is given by 
(2.8) 
n being a unit vector specifying the light beam direction. Within the photon energy range 
considered (~100eV), it is easily seen that is negligible compared with electron momenta. 
Therefore one has 
which is usually called "vertical transition in k space". 
After excitation the electron will travel in the solid. But not all of them can reach the 
surface. The electron will scatter with other particles in the solid such as valence and core 
electrons, phonons, and plasmons. In case of inelastic scattering, the outgoing electrons will 
lost part of their energy and momentum. They then may appear elsewhere in the spectrum as 
satellite peak or backgroung intensiity. One can define a mean free path Xe(E) to describe the 
Ic ~ Ic (2.9) 
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transport process. It is assumed that on average a photoelectron can travel over a mean free 
path before being scattered. Seah and Dench compiled the measured electron inelastic mean 
free paths for various materials [Seah 1979]. Figure 2.2 shows that the mean free path follows 
a "universal" curve as a function of the electron kinetic energy. The mean free path has a 
minimum of 2-20A in the energy range between 20 and 200 eV. It can be seen immediately 
that photoemission is a surface sensitive technique because of the very short mean free path at 
this energy range. The transport function can be written as: 
X A E ) / X J h v )  
where X,ph(hv) is related to the absorption depth of the photon. 
When the electron escapes the solid, it must overcome a surface potential barrier Vq. 
Using a free-electron-like model for the excited photoelectron, the escape function can be 
written as: 
D(E) = |(1-(V„/E)'/'). (2.11) 
where E must larger than Vq, otherwise D(E) is equal to zero. It is noticed that both the 
transportation function and the escape function are smooth functions of the photoelectron 
energy E and will not introduce any extra features in the spectrum. So we can say that any 
structure in the EDC is due to the optical excitation process. 
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Figure 2.2 The "universal curve" showing the photoelectron scattering length or mean 
free path as a function of its kinetic energy (after [Seah 1979]). 
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Energy band mapping 
Angle resolved photoemission can be used to map the energy bands. The basic idea is 
based on the energy and momentum conservation relationship given by equation(2.6-2.9). 
This vertical transition picture is shown in Fig. 2.3. When the photoelectron traverses the 
crystal surface, there is a momentum transfer to the crystal that complicates the relation between 
the momentum k measured in the vacuum and the momenta kf, ki of the Bloch states in the 
crystal. For a single-crystal surface with lateral periodicity, the momentum transfer parallel to 
the surface has to come in discrete value g": 
where g" is a reciprocal surface lattice vector. Unfortunately the momentum perpendicular to 
the surface k"*" is not conserved. To determine the complete momentum vector directly from an 
angle resolved experiment, one has to find the momentum transfer perpendicular to the 
surface. The key point here is one has to know the final state band dispersion Ef(kf). By 
inverting the relation Ef(kf) one obtains kf^ki from the energy E measured in the vacuum, 
which is equal to Ef in the solid (see Fig 2.3): 
The simplest approximation for the final state(Ef, kf) is a parabolic free-electron-like 
band in a constant inner potential Vq: 
k"=k^-Hg"=kl' + g", (2.12) 
k i - '=k^=k j^ (Ep  =  kJ (E)  (2.13) 
E f { k f )  =  n \ ] / 2 m - V , ;  (Vo>0) .  (2.14) 
By combining Eq.(2.13) and (2.14), one obtains 
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Figure 2.3 Schematic representation of the vertical transition model. 
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(2.15) 
This is the refraction equation of the outgoing photoelectron when it crosses the 
potential step Vq at the surface. If one places the electron detector at a polar escape angle 0 
(from the surface normal) as shown in Fig 2.4, from equation (2.12) we obtained 
By measuring the angle 0 and the energy E of the photoelectron one can determine the 
initial state momentum and therefore the initial state band dispersion can be mapped out. Due 
to the existence of periodic potential in the real crystal, gaps open up at the boundary of the 
Brillouin zone. The final state bands will deviate from the free electron-like band at these 
critical points. The critical points of these bands can be determined directly from experiment. 
One can watch transitions turning on across a band gap. By varying the photon energy, one 
can observe extreme behavior of transition intensities, extreme behavior of the initial energy, or 
the disappearance of a splitting. 
Synchrotron radiation is emitted by relativistic electrons or positrons when they are 
deflected in magnetic fields. For an electron traveling in circular orbits, the emitted spectrum is 
a dense continuum which can be used as a source of photons for photoemission and many 
other spectroscopies. Synchrotron radiation offers some unique features: 
. -1 
Jt|' = 0.51A sme^l{E + V,)/eV (2.16) 
Synchrotron radiation source and beamline 
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Detector 
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Figure 2.4 Illustration of an angle-resolved photoemission experimental configmtion. 
30 
(a) the radiation- cover a wide spectral region depending on the synchrotron 
characteristics; 
(b) the racUation is highly collimated; 
(c) the radiation is polarized; 
(d) the radiation is pulsed at a very high frequency. 
Our photoemision study was carried out at the Aladdin electron storage ring [Rowe 
1987] at the Synchrotron Radiation Center in Stoughton, Wisconsin. The electron beam in the 
storage ring is kept at an operation energy of SOOMeV (or IGeV). The photon spectrum 
covers a wide range from the ultraviolet to the soft X-ray region. In order to tune the photons 
to a specific energy one needs a monochromator. All our photoemission measurements are 
made on the Ames/Montana ERG/Seya combined monochromater beamline. This beamline 
was designed and built by Dr. C. G. Olson [01son,1988]. Figure 2.5 shows the schematic 
layout of the beamline. There are two light paths : (a) the upper path is the Seya 
monochromator with 4 selectable gratings. It covers the photon energy range from 5 to 40eV. 
The spectral output is shown in Fig 2.6. (b) The lower path is the extended range grasshopper 
(ERG) monochromator [Hulbert 1983]. With two spherical gratings, 2 m and 5m in radius 
respectively, the ERG can provide photons from 40 eV to 1000 eV. 
Electron energy analyzer 
The most often used electron energy analyzers are hemispherical and cylindrical mirror 
analyzers. In our experiments, a VSW (Vacuum Science Workshop) Model HA 50 
hemispherical electron energy analyzer [VSW,1989] was used to analyze the energy of the 
photoelectrons. This analyzer is mounted on a goniometer which is rotatable with two degrees 
of freedom. A schematic representation of the analyzer is shown in Fig. 2.7. The analyzer is 
composed of three parts: (a) the 1:1 retarding lens in the front of the entrance aperture (b) the 
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Figure 2.6 Spectral output of the Seya. 
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7 
Figure 2.7 Schematic configuration of the VSW HA 50 hemispherical electron energy 
analyzer. 1-4: entrance lens; 5,6: hemisphere deflectors; 7: channeltron. 
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concentric hemispherical deflectors as the dispersing element and (c) the channel 
electron multiplier at the exit of the hemispherical deflectors. The concentric hemisphere 
analyzer is a dispersion type analyzer which uses electrostatic deflection. The selected electron 
energy E is determined by the potential difference U across the two hemispheres and their radii 
R l ,  R2 :  
where Ep is the pass energy, d is the slit width, R is the mean radius of the hemispheres, and a 
is the full angle of electrons entering the analyzer at the entrance slit. Usually the second term 
can be neglected because a is only a few degrees. Our VSW analyzer has an energy resolution 
of about 1% of the pass energy. 
E  =  U / { R 2 / R , - R , / R 2 ) .  (2.17) 
The energy resolution is determined by 
( 2 . 1 8 )  
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CHAPTER 3. LOW ENERGY ELECTRON DIFFRACTION 
LEED is one of the most common techniques used in studies of single crystal 
surfaces. It uses low energy electrons to probe the surface structure and yields valuable 
information on the structure of surfaces and overlayers. The discovery of electron diffraction 
is closely related to the development of quantum mechanics. In 1924 L. de Broglie postulated 
tiie wave nature of particles[de Broglie 1924]. An electron with velocity v and mass m, can be 
described as a wave with wavelength X=h/mv, where h is Planck's constant. For electrons 
with a kinetic energy of lOOeV, this corresponds to a wavelength of approximately 1 A. It is 
expected that this kind of low energy electron will diffract from periodic crystal lattices. In 
1927 Davisson and Germer observed the diffraction of electrons from a Ni (111) single crystal 
surface [Davisson 1927]. This is the pioneering work in low energy electron diffraction. 
The reciprocal lattice 
The elastic interaction of electrons with a surface is treated as the scattering of waves at 
a two dimensional lattice, which means that the finite thickness of the surface region and 
penetration of the electrons to deeper layers is neglected. For every two dimensional lattice one 
can define a unit cell witii translational vectors al and a2. From this unit cell the lattice may be 
constructed by translation operations. Associated with the real space two dimensional unit cell 
is a unit cell in reciprocal space which is defined by the following equation 
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a i » b j = S i j ( i , j  =  1 , 2 ) ,  (3.1) 
where bl and b2 are the basis vectors of the reciprocal lattice. The relationships between the 
primitive vectors of the real lattice and the basis vectors of the reciprocal lattice may also be 
written as 
b, = 2K 
&2 =2;r ^  n x a ^  
(3.2) 
(3.3) 
XM) 
where « is taken to be a vector normal to the surface. From this equation one can get the 
reciprocal lattice directly from the real space lattice. In Figure 3.1 we show the five two-
dimensional Bravais lattices. In the LEED experiments, the pattern we observed can be easily 
explained by means of the reciprocal lattice rather than the real lattice. 
The kinematic theory of LEED 
Unlike X-ray scattering, low energy electron scattering is a strong scattering process. 
This is due to the nature of the scattering potential which is the potential of an ion core in a sea 
of mobile electrons. To fully understand low energy electron diffraction one needs dynamic 
(multiple-scattering) theories. For example, the diffraction spot intensities as a function of 
electron energy can be correctly explained only if one use the dynamic theories. But to 
understand the essential features of the LEED pattern, kinematic theory is sufficient. 
The incident beam of electrons is represented by a plane wave with wavelength X, 
moving in the direction Sq, where s© is a unit vector. This wave may be described by 
y/" ocexpiik^-r), (3.4) 
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Figure 3.1 Real (left) and reciprocal (right) lattices for the five two-dimensional lattices. 
38 
where ko=(2jt/A,)So is the wave vector of the primary electron (ko also represents the electron 
momentum). For a scattered wave with wave vector k=(27t/X)s. we get 
¥ ^fjiK,k)exp{iik-kJ-Rj , (3.5) 
/ 
where fj is the atomic scattering factor, and Rj is the position vector of atom j. If scattering 
takes place on a two dimensional periodic lattice, the atomic scattering factors fj may be 
replaced by the scattering factor F (the so called structure factor) of the unit cell. This equation 
can be transferred into 
M, MJ 
5^exp(in, f l ,  •  ( k  -  k , ) -  2^exp(i«2fl2 •  ( k  -  k j  , (3.6) 
ni=l iii=l 
or 
V^ocf .G ,  (3 .7 )  
where the lattice factor G is an abbreviation for the sum over the lattice. It is determined only 
by the periodicity of the surface and by (k-ko). The LEED spot intensities I are proportional to 
the square of the amplitude 
/OCIFMGI^ (3.8) 
This is the basic equation to describe the observed LEED pattern. The difference 
between the kinematic and a dynamic theory is contained in the structure factor F. According 
to the single scattering picture F is composed of a superposition of the atomic scattering factors 
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multiplied by the corresponding phase shifts caused by the positions of the individual atoms 
within the unit cell, whereas a dynamic theory includes all the effects of multiple scattering, 
inelastic interaction, etc. in the calculation of the scattered wave originating from the unit cell. 
In the case of the kinematic approximation F is only a function of the difference (k-ko). But in 
general F depends on both k and ko. By performing the summations one can get the 
interference function 
s i n ^ [ - i M , f l  i k - k j ]  M ^ a ^ - i k - k , ) ]  
J  =  1  Z  _  ( 3  9 )  
s i n ^ i ^ O i - i k - k J ]  s m H ^ a 2 - ( k - k „ ) ]  
Maxima in the intensity will be observed if 
a ^ - { k - k j  =  2 n h ^  
a 2 - ( k - k j  =  2 7 d i 2  
(3.10) 
(3.11) 
These are the Laue conditions for interference from two dimensional lattices. 
Compared with the reciprocal lattice equation we get 
=G" .  (3 .12 )  
This is the Bragg condition for the two dimensional case. This Bragg condition can be 
visualized by the Ewald construction to the two dimensional case. In our two dimensional 
problem there are no restrictions from the third Laue equation (perpendicular to the surface). So 
we must extend every reciprocal lattice point to a rod normal to the surface (see Fig 3.2). In 
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Ewald sphere 
Figure 3.2 Ewald construction for elastic scattering on a two-dimensional surface 
lattice. The corresponding 2D reciprocal lattice points (hk) are plotted on a cut along kx-
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the three dimensional problem we have discrete reciprocal lattice points in the third dimension 
rather than rods, and these are the source of the third Laue condition for constructing the 
scattered beams. In the two dimensional case, the possible elastically scattered beams can be 
obtained by the following construction. First the primary beam is positioned with its end at the 
(0,0) reciprocal lattice point and a sphere is constructed around its starting point. As is seen 
from Fig. 3.2, the Bragg condition fc" - = G" is fulfilled for every point at which the 
sphere crosses a "reciprocal lattice rod". In a real situation we have a quasi-two-dimensional 
lattice because the electron will penetrate several atomic layers into the solid. This leads to a 
modulation of the intensities of the Bragg reflections in comparison with the case of pure two 
dimensional scattering. 
Inspection of the interference function J (eq. 3.9) shows that the width of an electron 
beam profile (i.e., the angular spread of a diffracted beam) decreases with increasing numbers 
Ml, M2 of scatters in a periodic array. For a perfect surface the diffraction spots should 
become infinitely sharp. In real situations, the LEED spots always have finite size due to the 
experimental limitations of the system. A perfectly monoenergetic and parallel electron beam 
would be coherent over its whole width (~1 mm), i.e., within this whole region summation of 
the scattered amplitudes would create the diffraction pattern. This would be equivalent to an 
ideal point source being refocussed into a point. In reality electrons have a finite energy spread 
A V, the source has a lateral extension, the beam is not perfectly parallel, and the optics are 
subject to aberrations. As a consequence, interference over distances larger than a coherence 
length, called the transfer width tw, is suppressed. The transfer width tw varies with electron 
energy and with commercial electron guns reaches typical values of about 50-100 A. 
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LEED instrumentation 
The essential elements of a LEED system are: (a) an electron gun for producing a 
sufficiently parallel and monoenergetic electron beam with energies typically varying between 
about 10 and 500 eV; (b) a detection system for the elastically scattered electrons. Figure 3.3 
shows the scheme of a typical LEED system. The electrons are emitted from the filament The 
electron beam is then collimated by a lens system and finally leave the drift tube with the 
desired energy eV. The drift tube could be biased or grounded depending on the energy of the 
electron chosen. The electron beam has a typical diameter of 1 mm at the sample surface. The 
energy spread of the electrons is about leV, caused mainly by the thermal energy distribution 
of the carthode source. Typical LEED detector systems are of the "display type": The 
backscattered electrons pass a system of hemispherical concentric grids. The first grid is 
grounded, as are the sample and the drift-tube, so that scattered electrons are not deflected 
electrostatically in the field-free region between sample and the first grid. The second grid is 
set at a negative potential to repel the inelastically scattered electrons. A third grid is used to 
improve the quality of the LEED pattern because use of only two grids causes considerable 
field inhomogeneities in the meshes of the second grid. After passing the grids the scattered 
electrons are accelerated onto a fluorescent screen by a positive potential of a few kilovolts. 
The screen will then display the diffraction pattern. In our experiment we use a Perkin-Elmer 
<I>11-020 LEED system. 
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Figure 3.3 Scheme of a LEED display system. 
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CHAPTER 4. RESULTS AND DISCUSSION 
Ce epitaxial growth on the W(IIO) surface 
In this study we report the observation of single crystal epitaxial growth of Ce on 
W(110) surfaces. At monolayer coverage we see a y-a like phase transition. Above a 
monolayer a 30° rotational phase transition is observed. The Ce is evaporated from a W 
basket. Before depositing Ce on the substrate, the Ce source is first degassed for long time 
(~10 hours). The deposition rate is measured by a quartz crystal thickness monitor. The 
surface contamination is checked by Auger spectroscopy during the growth of thin films. W 
(110) is used as substrates. Single crystal epitaxy of Ce on the W(llO) surface is achieved. 
The Ce epitaxial growth can be divided into three stages. At the very beginning the LEED 
pattern shows nxl reconstructions. This pattern, shown in Fig 4.1 (A), consists of rows of 
new spots along the [001] direction arising from chains of Ce atoms along the [110] direction. 
Their spacings decrease with coverage, going through several commensurate (nxl) and 
incommensurate patterns. At 0=0.5 ML in units of the substrate atomic density, the last pattern 
in this stage shows up, the (2x1). As more Ce atoms are added to the surface the LEED pattern 
changes to a hexagonal pattern, as from an fee (111) surface (Fig 4.1 (B)). The relative 
orientation is the common Nishiyama-Wassermann type. This hexagonal pattem continuously 
expands as the coverage of Ce atoms increases, corresponding to a steady reduction in 
interatomic spacing in the plane of the surface (Fig 4.1(C)). The interatomic spacing in the 
plane is about 9% greater than that in the (111) plane of bulk y-Ce initially. After about 44% 
Figure 4.1 The LEED patterns from Ce overlayers on a W (110) surface: A: (2x1) 
reconstruction; B: hexagonal with a spacing about that of y-Ce (111); C: hexagonal with a 
spacing about that of a-Ce (111); D and E: 30° rotated hexagonal, more than single 
monolayer coverage. 
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more Ce atoms had been added since the appearance of the hexagonal LEED pattern, the 
interatomic spacing in the plane was 9% smaller than that of bulk y-Ce (111). Thus we 
observed a surface y-a like phase transition of monolayer Ce on W(llO) surface, a continuous 
transition. After this stage, multiple layers of Ce begin to growth. Further deposition of Ce 
induces a rotational phase transition. Figures 4.1 (D) and (E) show the LEED patterns at this 
stage. These LEED patterns are the superpositions of two sets of hexagonal patterns: one is 
the original hexagonal pattern but with a curved ring like feature, the other is the new set of 
spots rotated 30 degrees from the original spots. This pattern corresponds to a new 
orientational relationship in which the Ce [011] is parallel to the substrate [110]. This is the 
same orientation that Homma et al discovered for Ce on V(llO). But we find the lattice 
spacing in the plane is the same as that of the normal bulk y phase within our measurement 
error (~0.6%). Therefore no contraction is observed in this phase. The curved ring like 
pattern is actually induced by a small angle rotation (~5 degree) in either direction. This is the 
pattern corresponding to the KS alignment. 
Photoemission data provide us further evidence of this y-a like phase transition on the 
W (110) surface. Figure 4.2 shows angle-resolved photoelectron EDCs in the valence-band 
region taken at normal emission with a photon energy of 122 eV (4d-4f resonance) for several 
coverages of Ce on W(110). At this energy the contributions of the Ce 4f electrons dominate 
the EDCs, W 5d contributions being negligible. The inset shows the spectra for y- and a-Ce 
taken from [Wieliczka 1982]. The changes in relative intensity of the two peaks in Fig. 4.2 
with increasing coverage are similar to those for the y-a transition, except that they are larger. 
In sununary, we have grown epitaxially Ce thin films on the W( 110) up to multiple 
layers. In the first monolayer a y-a like phase transition is observed. The epitaxial orientation 
is that of the NW type. Above a monolayer the film transforms to the normal yCe phase with a 
30 degree rotational phase transition. The thick film is unusually oriented with Ce [Oil] 
parallel to the substrate [110]. This is the same epitaxial orientation of Homma-Yang-Schuler 
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Figure 4.2 Photoelectron spectra in the valence band and 4f region of Ce overlayers on 
W (110) taken with hv = 122 eV. The LEED patterns for each are: A: (3x1) reconstruction; B: 
(2x1) reconstruction, just before changing to hexagonal; C: hexagonal with a spacing about that 
of Y-Ce (111); D; hexagonal v/ith a spacing about that of a-Ce (111); E: 30° rotated hexagonal 
above single monolayer coverage. 
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(HYS) that is observed for Ce on .a V (110) surface, but in our case the lattice spacing 
is the same as that of the normal y phase. The Ce* phase for thick films is not observed on W 
(110) surfaces. 
Eu epitaxial growth on the Ta(llO) surface 
In this study of the Eu (110) surface, we report an observation of an fcc(lll) like 
surface top layer by LEED and photoemission. Single crystal Eu(l 10) surfaces were prepared 
by molecular beam epitaxy of Eu from a Ta crucible onto a clean Ta(l 10) substrate kept at 
room temperature. The growth rate was kept at O.lA/min. The growth process is checked by 
LEED and Auger spectroscopy. Orientational epitaxy is achieved during thin film deposition. 
The Eu epitaxial growth can be divided into three stages. At the very beginning of epitaxy, an 
nxl LEED pattern, which is shown in fig 4.3 (A), is observed. As more Eu is added, the 
LEED pattern soon turns into a hexagonal pattern as shown in fig 4,3 (B) at coverages above 
about 0.4 monolayers (ML in units of Ta (llO)surface density). The orientation of this 
hexagonal pattern is that of the N-W mode. The lattice spacing initially shrinks until a full 
monolayer is developed. The pattern then expanded with coverage till the monolayer was 
completed at a coverage of 0.53 ML. The nearest neighbor distance, a, shrank from 4.56 A to 
4.09 A during this stage. Beyond a full monolayer, this hexagonal pattern is still observed 
until about 60 A of Eu is deposited. The observation of this hexagonal pattern beyond the 
monolayer range indicated a non bcc Eu phase exists. Though we can not determine whether it 
is fee or hep because one needs to perform LEED I-V curve analysis to determine its stacking 
sequence, the in-plane lattice constant is determined by measuring the spacing of the overlayer 
spots. The nearest neighbor distance is about 4.59 A when the film is about three monolayers 
thick. Beyond that, the lattice constant can not be determined directly from the LEED pattern, 
because the substrate spots are no longer observable and we lose our reference spacing. As the 
Figure 4.3 The LEED patterns from Eu overlayers on Ta (110) surface: A: (nxl) 
reconstruction; B: hexagonal pattern of IML Eu; C: Eu (110) surface with hexagonal 
reconstruction. 
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film grows very thick(> 120 A), the bcc Eu bulk phase appeared. The substrate Ta diffraction 
spots are not observable now. The corresponding LEED pattem of the Eu (110) surface shows 
some extra spots as shown in Fig. 4.3 (C). Basically there are two new features. The first is 
the fine satellite spots surrounding each hexagonal spot. The second is the extra diffraction 
spots along the symmetry lines of the LEED pattern. Both features can be explained by 
assuming the surface is still fcc(ll 1) like but the bulk Eu underlying is bcc(l 10). The whole 
pattem is the superposition of the two structures plus some multiple scattering spots. Thus we 
observed a fcc(l 11) like surface reconstruction at the Eu (110) surface. 
The photoemission data provide more evidence of the existence of an fcc(ll 1) like 
reconstruction of Eu on the Ta(llO) surface. Figure 4.4 shows the photoemission spectra of 
the 4f level in Eu, one XPS-spectrum (A1 Ka, 1486.6eV) and the other recorded at 100 eV 
photon energy [Gerken 1985]. Eu has the 4f^ configuration, the final states for the excited 4f^ 
configuration are ^Fj (J = 0,1,...6) i.e. seven possible states. In Fig. 4.4 the calculated 
intensities and the energy separations for these levels are also shown. The solid curve in the 
XPS-spectrum is the result of adding these seven 4f lines, each of which has been convoluted 
with a Doniach-Sunjic (DS) peak to account for core level lifetimes and screening by 
conductive electrons [Doniach 1970] and the sum has been resolution broadened. In the XPS-
spectrum there is only one single peak at 2 eV binding energy, but in the 100 eV spectrum there 
is an extra shoulder on the high binding energy side which originates from the 4f electrons of 
the surface atoms. The surface core level shift (SCS) for Eu is 0.63 eV by fitting the spectrum 
with two sets of ^Fj states i. e. 14 states with the multiple line intensities given within each 
set. 
Figure 4.5 shows, the evolution of the 4f peak as the film grows. At the very beginning 
we just observed a single peak at a binding energy of 2.1 eV which is coincident with the bulk 
4f peak; correspondingly the LEED pattem is that of nxl. The Eu atoms might occupy the 
bridge sites. As more Eu is added the 4f peak shifts to the higher binding energy at 2.6 eV. 
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Figure 4.4 Comparison between XPS-spectra and 100 eV photon energy spectra for 
the 4f emission region of Eu. Also shown are the theoretical multiplet intensities and the 
calculated fit to the XPS-spectra (solid lines) (after [Gerken 1985]). 
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Figure 4.5 Photoelectron spectra in the valence band and 4f region of Eu overlayers 
Ta (110) taken with 40 eV photon energy. 
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This is the energy position of the surface 4f peak, correspondingly the LEED pattern switches 
to hexagonal. This single peak is characteristic of the new non-bcc phase of Eu. As the film 
grows thicker the bulk bcc phase peak shows up again. Correspondingly the LEED pattern is 
that of the reconstructed bcc(l 10) surface, the bulk Eu spectrum of double peaks. The surface 
peak is associated with the fcc(lll) like LEED diffraction pattern, and the bulk peak is 
associated with the bcc(l 10) LEED diffraction spots. It is noticed that the surface peak did not 
change very much after annealing the film, but the Fermi edge becomes much enhanced. This 
indicates the fcc(llO) like surface layer is very stable. 
An analogy for this new surface phase can be drawn from the bulk martensitic phase 
transition of the alkali metals. The heavy alkalis transform from the bcc to the fee structure 
when pressurized above their transition pressures (114 Kbar for K, 70kbar for Rb, 23 kbar for 
Cs) [Takemura 1983, Takemura 1982, Tups 1982]. These transitions can be described by 
shear displacements of the bcc(l 10) planes along the [110] direction followed by intraplanar 
relaxation which changes these planes into hexagonal-close-packed planes. The surface phase 
of Eu(l 10) plane is directly analogous to these shear displacements and intraplanar relaxation 
of the bulk bcc(l 10) planes. 
The observation of this surface "martensitic phase transition" provides us with a new 
approach to study martensitic phase transitions. Early in 1973 Clapp suggested using LEED to 
detect the existence of martensitic precursors at crystal surfaces [Clapp 1973]. The planar free 
surface of the bcc(l 10) crystal may provide the necessary strain fields or some other changes 
of die free energy to nucleate the martensitic phase at the surface under conditions for which tiie 
bulk does not yet transform. 
Another noticeable feature is that the valence states decrease quickly as Eu is deposited 
on the Ta(llO) surface. The Fermi edge disappears when the 4f feature shows only the single 
peak. This observation is consistent with the previous experimental results of Eu on Ta 
polycrystalline surfaces where a non-metallic phase is observed [Olson 1994]. 
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In conclusion, photoemission and LEED studies of Eu (110) surfaces have successfully 
detennined that the Eu (110) surface exhibits a fcc-bcc like phase transition. The Eu(llO) 
surface top layer is reconstructed to hexagonal-close-packed planes. This surface phase 
transition might be similar to the bulk martensitic phase transitions of the bcc metal. 
Sm epitaxial growth on the Ta (110) surface 
In this study we investigate the Sm (0001) surface by epitaxial growth of thin films of 
Sm on Ta (110) substrates. In order to see the influence of the substrate we also studied Sm 
thin film growth on a IML Gd-covered Ta (110) substrate. We report an observation of a 5x5 
reconstruction at the Sm (0001) surface at room temperature. This reconstruction is induced 
by the valence transition at the Sm surface. We also observed a divalent to trivalent phase 
transition for monolayer Sm on Ta (110). This phase transition is not observed for monolayer 
Sm on IML Gd covered Ta (110). 
Sm single crystal surfaces were grown on a Ta(llO) substrate at room temperature. 
Sm epitaxial growth on Ta(llO) surfaces can be divided into three stages: At the very 
beginning the surface shows just a 1x1 pattern with the substrate spots becoming only slightly 
more diffuse. This indicates the Sm atoms adsorb in a disordered way (lattice gas). At about 
0=0.6 ML (in units of the Sm (0001) surface density) a new hexagonal pattem shows up (Fig. 
4.6 (A) This pattem is aligned in the NW orientation. This structure remains upon further 
deposition until a full monolayer is reached. The first monolayer of Sm on the Ta (110) surface 
has a coverage of 0s=O.6OML in units of the substrate Ta (110) surface density. The ideal Sm 
(0001) surface will have a coverage of 0s=O.69 ML. This indicates the single monolayer Sm 
surface lattice constant is 6% larger than expected for a close-packed Sm (0001) layer. When 
the second layer begins to grow, the LEED pattem shows a hexagonal pattem widi extra spots 
appearing at 4/5 th the spacing of the original spots (Fig 4.6 (B)). These spots can be 
Figure 4.6 The LEED patterns from Sm overlayers on Ta (110) surface. (A) 
hexagonal pattem of IML Sm; (B) (5x5) reconstructed hexagonal pattern of 2ML Sm; (C) 
(5x5) reconstructed hexagonal pattem of 10 ML Sm; (D) hexagonal pattem of IML Gd; (E) 
reconstructed pattem of IML Sm on Gd coverd Ta (110). 
A 
[110] 
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interpreted as single-scattering spots from an expanded hexagonal overlayer. As more Sm is 
added one can see more multiple scattering spots in the pattern (Fig 4.6 (C)). These multiple 
scattering spots are weaker than the single-scattering spots. Thus we observed 5x5 
reconstruction on the Sm(0001) surface at room temperatiu-e. The 5x5 reconstruction on the 
Sm (0001) surface is previousely observed by Stenborg eM/.[Stenborg 1989]. They found 
that at low temperatures LEED shows a 5x5 surface reconstruction but at room temperature the 
5x5 LEED pattern disappears. The observation of the room temperature 5x5 surface 
reconstruction LEED pattern indicates that the surface layer is ordered even at room 
temperature. 
Photoemission spectra are recorded as the film grows. Figure 4.7 shows the 4f spectra 
at different coverages. The photon energy is chosen to be 144 eV because at this energy both 
trivalent and divalent peaks are on resonance. At low coverage the 4f spectra just show 
divalent peaks. The peak positions shift toward lower binding energy as the coverage 
increases. In this region no overlayer-induced LEED patterns are detectable. As more Sm is 
added the divalent peaks decrease dramatically, while the trivalent peaks show up quickly. 
This indicates that the valence of the Sm is initially divalent but it changes to trivalent as the 
coverage increases. This transition occurs at a coverage of 0=0.6 ML in units of the Sm(0001) 
surface density. This coverage corresponds to a single monolayer of divalent Sm. Divalent 
Sm has a larger atomic radius than that of trivalent Sm. For 1 ML coverage all the divalent Sm 
became trivalent and LEED observed an ordered hexagonal pattern. Immediately above 1 ML a 
new divalent Sm signal appears, but the peak position is shifted slightly towards higher 
binding energy. When the second layer is completed the LEED pattern shows a reconstructed 
hexagonal pattern with satellite spots. At higher coverage the 4f spectrum reproduces the bulk 
Sm spectrum that shows both the divalent and trivalent features. The corresponding LEED 
pattern is a 5x5 reconstructed hexagonal pattern with multiple scattering spots. These multiple 
scattering spots are not observed initially for a coverage of just the first two monolayers. 
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Figure 4.7 Photoelectron spectra in the valence band and 4f region of Sm overlayers 
on Ta (110) taken with 144 eV photon energy. 
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In order to investigate the influence of the substrate, we deposited a single monolayer 
of Gd CP. a Ta (110) substrate. Then Sm was deposited on this Gd-covered Ta (110) substrate. 
The 4f spectra for several coverages are shown in Fig 4.8. Figures 4.9 and 4.10 plot the 
divalent and trivalent peak intensity as a function of coverage for clean and Gd covered Ta 
(110) substrate respectively. It is observed that the epitaxial growth process is quite different 
from that of uncovered Ta substrates. At low coverages we just see the divalent peaks grow 
quickly. But the intensity of the divalent peaks did not drop dramatically as the coverage 
reached a single monolayer. The trivalent peaks increase monotonically as the coverage 
increases. The big jump at single monolayer coverage is not observed. This indicate the 
divalent to trivalent surface phase transition does not exist for this Gd-covered Ta substrate. 
The LEED pattern is also different from that of uncovered surfaces. Figure 4.6 (E) 
shows the LEED pattern of one monolayer of divalent Sm deposited on the Gd covered Ta 
(110) substrate. Now the divalent Sm shows a reconstructed overlayer pattern. The Sm-
induced hexagonal pattern is rotated a few degrees away from the Gd hexagonal pattern (Fig 
4.6 (D)). This ordered Sm surface is divalent. 
We also recorded CIS and CFS spectra for both divalent and trivalent Sm. In the CIS 
(constant initial state) mode the initial state energy is kept constant by scanning the analyzer and 
photon energy in synchronism, and the photon energy is scanned. In CFS (constsnt final 
state) mode the final state energy is kept constant and the photon energy is scanned. In the 
CFS mode if one sets the kinetic energy in the low energy region where the secondary 
emission dominates the spectrum, the CFS spectrum is close to an absorption spectrum. The 
4d to 4f transition in a lanthanide can be written as 
4d'°4f"+hv->4d''4f''*\ (4.1) 
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Figure 4.8 Photoelectron spectra in the valence band and 4f region of Sm overlayers 
1 ML Gd covered Ta (110) taken with 144 eV photon energy. 
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Figure 4.9 The divalent and trivalent Sm peak intensity as a function of coverage for 
Sm on clean Ta (110). Squares represent divalent Sm and triangles represent trivalent Sm. 
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Figure 4.10 The divalent and trivalent Sm peak intensities as a function of coverage for Sm on 
1 ML Gd covered Ta (110). Squares represent divalent Sm and triangles represent trivalent 
Sm. 
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where n is 6 and 5 for divalent and trivalent Sm, respectively. Due to large 4f-4d exchange 
and coulomb interactions, the absorption spectrum is very sensitive to the occupancy of the 4f 
level. Figure 4.11 shows the CFS spectrum taken from both divalent and trivalent Sm single 
overlayers on a Ta (110) substrate. In the case of a divalent overlayer there are absorption 
features at 135 eV and 141 eV. In the case of a trivalent overlayer the features appear at 141 eV 
and 149 eV. At 127 eV to 133 eV energy range two weak features are also observed. 
Figure 4.12 shows the CIS spectrum taken from both divalent and trivalent Sm 
overlayers. The binding energy is set at 1.5 eV for divalent Sm and 6 eV for trivalent Sm. The 
"giant" resonance is observed at 136 eV and 141 eV for divalent and trivalent Sm respectively. 
These "giant" resonances are well known in the lanthanides [Gerken 1982]. The energies are 
characteristic of the electronic configuration. 
Combining both photoemission and LEED observations we find a Sm surface divalent 
to trivalent phase transition occurred at the Ta(l 10) substrate. At submonolayer coverage the 
surface is divalent and there is no ordered overlayer structure. The single monolayer Sm 
overlayer transfers from divalent to trivalent and the structure is ordered hexagonal. The lattice 
is expanded 6% relative to the ideal close-packed Sm(0001) surface. The second monolayer is 
divalent and this top layer is reconstructed. The reconstruction of the surface top layer results 
in a 5x5 LEED pattern. 
Angle resolved photoemission study on the quasicrystal AlPdMn 
In this study we will address the quasiperiodic dispersion relations and pseudogaps of 
quasicrystals by performing angle-resolved photoemission experiments on "single crystal" 
icosahedral AlPdMn. We report the observation of: (a) a dispersion-like feature in angle-
resolved photoemission spectra which suggests the quasi-Brillouin zone does indeed exist, and 
(b) a pseudogap at the Fermi level. The density of states decreases toward the Fermi level in a 
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Figure 4.11 CFS spectra in the region of Sm 4d absorption edges. Squares represent 
divalent Sm and triangles represent trivalent Sm. 
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Figure 4.12 CIS spectra in the region of Sm 4d aborption edges. Squares represent 
divalent Sm and triangles represent trivalent Sm. 
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power law-like relation which might be associated with the "Brillouin-zone"-Femii-sphere 
interaction. 
The photoemission studies were carried out on the Ames-Montana State beam line on 
Aladdin at the Synchrotron Radiation Center [Olson 1988]. The overall (electron and photon) 
energy resolution were 50 meV for pseudogap measurements and 0.15 eV for the dispersion 
measurements. The pressure in the chamber was kept at around 5x10'^^ Torr during the 
measurement. The surfaces were prepared by Ar-ion bombardment (lOOOeV) of the sample , 
followed by annealing at 600-700'C and cooling to room temperature. After several cycles of 
sputtering and annealing LEED patterns were taken, which gave clear evidence of 
quasicrystalline ordering on the quasicrystal surfaces as shown in Fig 4.13. In addition, 
separate LEED and Auger-electron spectroscopy (AES) studies were carried out. The surface 
cleanliness was verified by the sharpness and stability of the LEED patterns and by the A12p 
core level photoemission peak (Fig 4.14) which is very sensitive to contamination. The 
influence of oxygen and other contamination can be also monitored by the broad feature at 
about 7 eV below Ep. 
The LEED patterns shown in Fig 4.13 were taken at normal incidence condition with 
18, 24 and 33 eV electron energies. The patterns show a five-fold symmetry and the 
diffraction spots along the symmetry lines form a Fibonacci sequence, which are characteristics 
of icosahedral quasicrystals. The LEED spots can be observed from 5 eV to 240 eV incident 
electron energy. When we scan the electron energy the LEED patterns show self-similarity 
structures. The quasicrystal surface ordering is quite stable in a large temperature range from 
room temperature to as high as 700°C. 
Figure 4.16 shows the angle dependence of the photoelectron energy distribution 
curves (EDCs). The photon energy was chosen at 13 eV. The emission angles (0, ({)) of the 
photoelectron were chosen so as to probe the symmetric axes of the surface quasi-Brillouin 
zone (SQBZ) (Fig 4.15). Apparently the quasi-surface Brillouin zone should be a decagon 
Fgure4.13 The LEED patterns from the quasicrystal AlPdMn 5-fold surface. The 
incident electron beams are (A) 18 eV electron energy; (B) 24 eV electron energy; (C) 33 
eV electron energy. 
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Figure 4.14 
energy of 140 eV. 
The A12p core level spectra from AlPdMn 5-foId surface with a photon 
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Figure 4.15 The quasi surface Brillouin zone (QSBZ) of AlPdMn. 
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Figure 4,16 Angle-resolved energy distribution curves for several angles along the 
F+ - r - F- direction in the quasi surface Brillouin zone of AlPdMn. Photon energy is set at 
13 eV. 
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with tenfold symmetry, but the two F points in the QSBZ are not equivalent with respect to the 
bulk quasi-Brillouin zone, and the symmetry is reduced to fivefold [Boissieu 1993]. In our 
convention the two nonequivalent F points are designated F- and F+ as shown in Fig 4,15. 
Three features were observed in the spectra which are labelled as A, B, and C. Feature A 
indicates an unusual shape for the Fermi edge which we will address later in detail in Fig. 
4.18. Feature B is located at 2.34 eV binding energy at F and disperses upward from F to F+ 
and F- with about 300 meV dispersion. Feature C is the strongest peak in the valence band 
region. This peak position of 4.24 eV is independent of the emission angle which suggests it 
is dispersionless. This peak is mainly due to the Pd 4d electrons by referring to Pd 
metal[Himpsel 1978] , Al70Pd20Mni0 [Zhang 1994],A1-Cu-Fe [Mori 1991]and Al-Li-Cu 
[Matsubara 1991] quasi-crystal photoemission data. 
An experimental E vs k|| relation is presented in Fig 4.17. The values of k|| are given 
by k|| = O.5lA"lsin0 . The dispersion of the band-like feature is very similar to that of a 
typical band in "nearly free electron" metals in a weak periodic potential. It is a free electron 
like parabola centered around F and is distorted in the neighborhood of the Bragg "planes" F+ 
and F. where the curves have zero slope. It is noticed that the quasi-Brillouin zone size is very 
small (~0.31A"^) and one will expect flat bands. 
To examine the detailed structure of feature A, in Fig 4.18 we present high-resolution 
photoemission spectra (AE = 50 meV) near the Fermi level region. Pt and Ta foils are used as 
references to locate the Fermi level. The Pt spectrum was taken at low temperature to reduce 
the thermal broadening of the Fermi edge, while the quasi-crystal spectra were recorded at 
room temperature in order to get fresh clean surfaces. Comparing to the step-function-like 
sharp Fermi edge of the Pt metal, the quasi-crystal shows no cut-off behavior. The density of 
states drops continually toward the Fermi level. This dip-like structure indicates that the 
density of states at the Fermi level is very low and is well represented by an expression of the 
form 
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Figure 4.17 The experimental E vs k relation along the direction in the 
quasi surface Brillouin zone of AlPdMn. 
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Figure 4.18 High resolution photoemission spectra near the Fermi level region for 
AlPdMn and Pt 
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g(E) - g(EF) - (1-E/EF)«, (4.2) 
where a is a constant. A least squares fit to the experimental curve gives a value of a =0.50 ± 
0.05 (Fig. 4.19). To fit to the experimental curve, the assumed density of states is multiplied 
by a linear background term and a Fermi distribution function, then convoluted with an energy 
resolution function (Gaussian distribution). In other words, we observed a local scaling 
behavior of the density of states near the Fermi level [Mahito 1987]. It is well known that a 
sharp Fermi edge is a fingerprint of the metallic phase in periodic crystal materials. The absence 
of a sharp Fermi edge in the quasicrystal indicates a pseudogap has opened at the Fermi level. 
It is interesting to notice that in three-dimensional periodic crystals, if 
This formula represents the well-known square-root van Hove singularity and is coincident 
with our experimental result if one lets Eg = Ep. 
Smith and Ashcroft predict a large deviation of the density of states from tiie normal 
free electron curve by pseudopotential metiiods [Smith 1987]. Sharp van Hove singularities in 
the density of states near the Fermi level are attributed to the large multiplicity of quasicrystal 
reciprocal-lattice vectors. However sharp peaks in the density of states were not observed in 
our experiments. 
E= Eq - ak2 for E< Eg (4.3) 
then the density of states will be of the form [Van Hove 1953] 
g(E)-g(Eo)oe (1-E/Eo)1/2 forE<Eo (4.4) 
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Figure 4.19 The least-squares fit of the experimental energy distribution curve (EDC) 
for AlPdMn. 
Mori observed an anomalous valley at the Fermi level on AlCuFe samples, which is consistent 
with our results [Mori 1991]. Matsubara reported an observation of a gaplike feature in the 
inverse photoemission spectrum of the icosahedral phase of Al-Li-Cu, but a distinct gaplike 
feature was not recognized in the photoemission spectra [Matsubara 1991]. The band 
calculation of the crystalline R phase predicts that the pseudogap is situated below the Fermi 
level. Similar results were also reported by Z. M. Stadnik on icosahedral AlCuFe samples 
[Stadnik 1993]. It is noticed that previous photoemission investigations were done on scraped 
surfaces and no surface structure information was available. In order to verify that the 
anomalous valley at the Fermi level is an intrinsic feature one must first confirm that the 
surfaces are clean and have quasicrystal ordered structure. 
Finally, we summarize. The LEED results indicate the existence of quasicrystalline 
order at the fivefold surface of the icosahedral AlPdMn quasicrystal. The photoemission 
results demonstrate that a quasiperiodic upward dispersion of 300 meV at 2.3 eV binding 
energy exists, which suggests Uie concept of "quasi-Brillouin zone" is applicable to describe 
the energy bands of quasicrystals. A pseudogap feature was detected which is angle 
independent in our resolution limit. The pseudogap is well represented by a power-law scaling 
relation witii scaling index a =0.5. It is suggested Uiat this local scaling behavior might 
originate from a van Hove singularity at or near the Fermi level. 
Angle resolved photoemission study on Bao.6Ko.4Bi03 
In this study, we investigate the electronic band structure of Bai-xKxBiOs 
superconducting material by angle-resolved photoemission. Before mounting in the chamber, 
the single crystal samples were characterized by Laue diffraction and magnetic susceptibility 
measurements. Figure 4.20 shows the Laue diffraction pattern of Bao.6Ko,4Bi03. This 
pattern indicates that the normal of the flat surface of die sample is the (100) direction. 
Figure 4.20 The Laue diffraction pattern of Bao,6Ko.4Bi03 along the (001) 
direction. 
lioo] 
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Figure 4.21 shows the magnetic susceptibility of Ba0.6K0.4BiO3. It is observed that the 
superconducting transition temperature Tc is ~30 K and the transition width is about 2 K. The 
crystal was cleaved in UHV (ultra high vacuum) in a direction parallel to the normal of the flat 
surface of the sample which is the (100) plane. Before cleaving, the samples were cooled to 
low temperature (~20K). The samples were mounted on top of A1 rods with Torr-Seal epoxy. 
These A1 rods were attached to the cold finger of a closed cycle He refrigerator. Electrical 
contact was achieved by coating a thin layer of aqua-dag on the Torr-Seal epoxy. The 
experiments were done in a vacuum of better than SxlO'^ ^  Torr. 
Figiu-e 4.22 shows the angle resolved valence band EDC spectra. A series of normal-
emission photoelectron spectra were taken as a function of photon energy. By choosing 
normal emission we probe the band structure along the F to X in the bulk Brillouin zone of 
Bao.6Ko.4Bi03* The spectra show a low density of states within 1.5 eV of the Fermi level. 
The Fermi edge is observed, indicating the metallic character of the sample. The valence band 
maximum is observed around 2.6-3.0 eV below Ep. This is mainly the contribution of the 
non-bonding O 2p states. This maximum has a flat dispersion of 0.3 eV. At about 4.5 eV 
binding energy another flat bandlike feature is observable. In between these two flat bandlike 
features there is a much weaker feature. This feature is enhanced at low photon energy. Most 
of the DOS is located 1.5 to 5.5 eV below Ep. In between 6-7 eV binding energy we also see 
a very weak feature. Figure 4.23 shows the measured initial-state energy versus photon 
energy for the range 17eV< hv < 31eV. At about 19 eV photon energy the valence band 
maximum shows extremum behavior. The strong peak has a minimum binding energy of 2.6 
eV at 19 eV photon energy. When the photon energy is increased or decreased, this peak 
disperses downward to higher binding energy. By refering to the band structure calculation we 
can assume that 19 eV photon energy corresponds to the F point in the Brillouin zone. Figure 
4.24 shows the experimentally determined band dispersion along the F to X direction. The 
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Figure 4.21 The magnetic susceptibility of Bao.6Ko.4Bi03. 
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Figure 4.22 Photoemission energy distribution curves taken in normal emission for 
Bao.6Ko.4Bi03 (001). 
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Figure 4.23 Measured initial-state energy of the observed features in normal emission 
firom Bao.6Ko.4Bi03 (001) as a function of photon energy. 
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taken from Fig 4.23. The curves are the band struture calculation results obtained from 
[Hamada 1989]. 
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final state is assumed to be a parabolic free-electronlike band in a constant surface barrier 
potential which is chosen to be Vq = -8 eV [Flavell 1993]. Figure 4.24 also shows the band 
structure of BaBiOs calculated by the full-potential linearized augmented-plane-wave method 
with the Hedin-Lundqvist exchange-correlation potential [Hamada 1989]. The lattice constant 
is assumed to be 4.2932 A, which corresponds to the lattice parameter of Bai-xKxBiOs with x 
= 0.29. The Ba atom is situated at the comer of the cube, Bi is at the body center, and the O 
atoms are at the face centers. It is observed that the valence band maximum feature fits with the 
non-bonding or weakly bonding O 2p states very well. The features between 6 to 7 eV binding 
energy also fit the band calculation results. But the features at 3.5eV and 4.5 eV are not 
predicted by the band calculation. These features might be the effect of K doping, because K 
doping will disturb the periodic structure. For example the three possible ordered 50-50 
Bao.sKo.sBiOs alloys could contain two formula units per primitive cell and involve 
alternating planes of Ba and K atoms along [001], [110], and [111] directions, respectively. 
The first case leads to a doubling of the unit cell along the c axis. This will reduce the Brillouin 
zone height by half. The experimental band structure of Bao.4Ko.6Bi03 fits apparently wiUi 
the calculated band structure of BaBiOs, indicating that there is a rigid downward shift of the 
complete band structure by an energy of order 1 eV. K doping will shift the whole band 
toward Ep, according to tiie rigid band model [Mattheiss and Hamann 1988]. Hamada et al 
found that the Fermi level shifts downwards by 0.43 eV if x=0.29 [Hamada 1989]. On the 
other hand it is often found necessary to introduce a rigid downward shift of the complete band 
structure by an energy of order 1-2 eV to align the experimental band features with those of the 
LAPW calculation. This is usually attributed to the effects of correlation, which are not 
explicitly included in the LAPW treatment [Flavell 1993]. 
In summary, the electronic structure of Bao.6Ko.4Bi03 is investigated by angle-
resolved photoemission on a single crystal (001) surface. The results show metallic character 
with a featureless low density of states within 1.5 eV of Fermi level. Most of the DOS is 
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located between 1.5 and 5.5 eV binding energy below Ep. Three flat bandlike features 
between about 2.6 eV and 5.0 eV are observed. A fourth weak feature around 6.6 eV is also 
identifled. Compared with the LAPW band structure calculation, there is a rigid downward 
shift of the complete band structure by an energy of order 1 eV and K doping might introduce 
disorder features. 
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CHAPTER 5. SUMMARY 
We have grown epitaxially thin Ce films on the W(110) up to multiple layers. In the 
first monolayer a y-a like phase transition is observed. The epitaxial orientation is the NW 
type. Above one monolayer the film transforms to normal y phase Ce with a 30 degree 
rotational phase transition. The thick film is unusually oriented with Ce [Oil] parallel to the 
substrate [110]. 
Photoemission and LEED studies of Eu (110) surfaces have successfully determined 
that the Eu (110) surface exhibits a fcc-bcc like phase transition. The Eu(l 10) surface top layer 
is reconstructed to hexagonal-close-packed planes. This surface phase transition might be 
similar to the bulk martensitic phase transitions of bcc metals. 
Combining both photoemission and LEED observation we find a Sm surface divalent-
to-trivalent phase transition occurred on the Ta(l 10) substrate. At submonolayer coverage the 
surface is divalent with no ordered overlayer structure. The single monolayer Sm overlayer 
transfers from divalent to trivalent and the structure is ordered hexagonal. The lattice is 
expanded 6% relative to the ideal close-packed Sm(0001) surface. The second monolayer is 
divalent and this top layer is reconstructed. The reconstruction of the surface top layer results a 
5x5 LEED pattern. 
The angular-resolved energy distributions for photoelectrons emitted from the fivefold 
surface of single crystal icosahedral AlPdMn are presented. A quasi periodic upward 
dispersion of 300 meV at 2.3 eV binding energy is observed with 13 eV photon energy. A 
distinct pseudo gap feature is observed with a density of states near the Fermi level that 
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decreases as a power law. LEED studies confirm the existence of quasicrystalline order at the 
surface. 
The electronic structure of Bao.6Ko.4Bi03 is investigated by angle-resolved 
photoemission on a single crystal (001) surface. The results show metallic character with a 
featureless low density of states within 1.5 eV of the Fermi level. Most of the DOS is located 
between 1.5 and 5.5 eV binding energy below Ep. Three flat bandlike features in between 
about 2.6 eV and 5.0 eV are observed. A fourth weak feature around 6.6 eV is also identified. 
Compared with the LAPW band structure calculation, there is a rigid downward shift of the 
complete band structure by an energy of order 1 eV and K doping might introduce disorder 
features. 
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